This chapter is an overview of recent developments in our understanding and thinking about the importance and nature of environmental effects on sperm counts and fertility in the human male. This area is plagued by imperfect studies, not necessarily because of imperfect design but because of other 'uncontrollable' constraints. The available data, therefore, need to be placed in context and account taken of the limitations of our understanding or, more correctly, our ignorance. As we enter the new millennium, one of the saddest scientific aspects of human reproduction and infertility is our persisting ignorance about the causes and treatment of male infertility. With one notable exception (Y chromosome microdeletions) there has been little advance in our understanding of the causes of male infertility and its direct treatment over the past 20 years. Although most infertile men can now be offered the chance of fertility via ICSI, it is largely ignored that this does not represent treatment of the patient's infertility (which will persist unchanged), but is a means of circumventing the problem and leaving it for the next generation to tackle. There are many reasons for our ignorance about the causes of infertility, and some of these are outlined below in order to emphasise how this limits our ability to establish whether or not specific lifestyle and environmental factors do, or do not, affect human male reproductive function.
Factors that may influence the prevalence or susceptibility of the human male to adverse reproductive effects and our ability to detect them An important puzzle that impacts on male infertility is the poor efficiency normal sperm per day as a hamster, despite there being more than a 10-fold difference in testicular size in these two species 1 . Though there is no suggestion that the poor efficiency of spermatogenesis in the human male is the result of lifestyle or environmental causes, commonsense suggests that it renders us more susceptible to such factors than animals with more efficient spermatogenesis. The generally low fertility of humans compared with animals is presumably also attributable, in part, to our poor semen quality.
The poor average quality of human semen, combined with the naturally great variation in semen quality between individuals and from ejaculate to ejaculate in the same individual 2 , means that cross-sectional studies in men face an uphill task when attempting to establish whether or not occupation, lifestyle or other environmental exposures are able to affect sperm production or quality. To detect a small effect (e.g. a 20% decrease in sperm concentration) requires large numbers of men 3 . In practice, because of differences in age, race, reproductive status/history (e.g. whether or not vasectomized) and variation in exposure to the agent of interest, such studies require hundreds rather than tens of men. In turn, this makes such studies extremely laborious and expensive and acts as a deterrent to their application. It also rules out many possible studies, e.g. in workplaces with low numbers of employees. Ten years ago, I had several times heard it proudly proclaimed (by members of the chemical industry) that very few occupational or environmental exposures had any real impact on male reproductive function as only a handful of examples of such effects had been demonstrated, and only one of these [exposure to the nematocide, dibromochloropropane (DBCP) 4 ] had caused a major decrease in sperm counts. For the reasons stated above, only catastrophic changes in sperm counts (such as that induced by DBCP) can actually be detected in the small size studies that are frequently undertaken, so the absence of evidence for a greater number of lesser effects could be misleading. What has changed this perception is the evidence to have emerged in the past decade suggesting that sperm counts in the general population may have fallen 5 . Another factor that should be kept in mind when considering environmental effects on sperm counts is our evolutionary origin. Unlike man, most mammals are seasonal breeders, an adaptation that ensures that fertility and conception are timed so that the young are born at a time of year favourable to their survival. Humans are considered to be nonseasonal mammals, but there is good evidence to suggest that residual effects of this 'seasonality' may exist. In the male, the consistently lower sperm counts reported in the summer months 6 ' 7 could be a reflection of such seasonal changes. However, it is also possible that this phenomenon reflects an adverse effect of the higher summer temperatures on sperm production (see below). Whatever the explanation, any study of sperm counts has to take account of season, in addition to known confounders such as age and period of abstinence 2 .
Despite the misgivings voiced above, in some centres over the past decade well-designed studies involving large numbers of men have begun to establish the relationship between occupation/environment, sperm counts and fertility in cross-sectional and longitudinal studies 3 ' 8 - 9 . Because of their careful design and the use of appropriately large numbers of men, such studies are potentially able to identify relatively small differences in sperm counts between different cohorts of men. For example, one recent study compared sperm counts in two groups of -175 young men in Denmark, one from a rural and one from an urban population 10 . The study showed a small (24%) but significantly higher median sperm count in men from the rural group, a difference that was initially dismissed as due to sampling differences. However, measurement of blood levels of follicle-stimulating hormone (FSH) and inhibin B (a marker of spermatogenesis that emanates from Sertoli cells) in the two groups also showed a significant difference between the two groups, the levels of inhibin B being higher and FSH levels lower in the group with the highest sperm counts. Thus, combination of blood hormone measurements and sperm counts can probably give more accurate insight into environmental influences on human testis function.
Lifestyle/environmental changes this century and male reproductive health
In searching for environmental/lifestyle influences on male reproductive function, a logical starting point is to look back over the last 50-100 years, as this time period has seen progressive changes in many aspects of our diet and lifestyle as well as to our environment, notably in its contamination with man-made chemicals (Table 1) . At the same time, there has been a substantial change in the disease patterns of humans, particularly in Western countries. At the beginning of the 20th century, infectious diseases were the biggest cause of death and morbidity whereas today, as we live much longer, lifestyle and dietary factors have become more important. Our battle with infectious diseases means that we are now routinely exposed to substantially more therapeutic drugs (in particular, antibiotics) than was the case 50 or 100 years ago, so it must also be considered whether or not such exposures might affect sperm production or quality (Table 1 ). More recently, there has been a progressive change in how physically active we are, both occupationally and in our free time. Many more jobs are now sedentary and males of all ages spend more time on sedentary hobbies and less time on physical activity than their fathers did 11 . One general consequence of this trend is that being seated slightly impairs the ability of the scrotum to thermoregulate, which over long periods of time may exert a significant adverse effect on the quality and quantity of sperm that are produced (see below and Table 1 ). There are several other changes in occupation and lifestyle that might be expected to impact adversely on sperm production (Table 1) though, in general, conclusive scientific evidence to confirm this expectation is lacking. Viewed overall, it seems unlikely that human male reproductive disorders could have remained untouched by these pervasive changes in Western countries, though the scale of such changes is unknown. Before considering the more important factors listed in Table 1 , it is worthwhile considering two other recent developments that are having a substantial impaa on the way that we now perceive disorders of male reproductive development and function.
Fetal/neonatal origins of reproductive dysfunction in the male in adulthood: testicular cancer and sperm counts
One advance in understanding of human diseases/disorders in general, has been the demonstration that susceptibility to a range of important disorders in adulthood (e.g. diabetes, obesity, cardiovascular diseases) may be altered by environmental/lifestyle factors acting during fetal life-or early infancy 12 . This thinking is being applied to male reproductive disorders, including low sperm counts and infertility 13 . A good illustrative example is the progressive increase in incidence of testicular germ cell cancer that has occurred throughout the Western world over the past century 14 ' 15 . This is a disease of young men and is associated with reduced semen quality and reduced fertility 16 . Perhaps not surprisingly, therefore, the most important risk factors for testicular cancer are disorders of development of the reproductive system, especially those related to impaired androgen production or action (e.g. cryptorchidism, hypospadias 15 ' 17 ) and these congenital disorders can also be important risk factors for low sperm counts in adulthood (Table 2) . Another risk factor is low weight at birth (intra-uterine growth retardation; IUGR), and this is of particular interest as it is IUGR that is also a key factor in increasing risk of diabetes, obesity and hypertensive disease in adulthood (Table 2) 12 . The fact that incidence of testicular cancer in many countries is doubling every 20-30 years (as in the UK) also points clearly to lifestyle/environmental, rather than genetic, causes. It is now being argued that testicular cancer represents the most extreme (and least common) manifestation of a syndrome that results from disordered reproductive development and which also manifests in less extreme cases (but with higher frequency) as subnormal sperm counts. If this hypothesis is correct, it suggests that the incidence of men with low sperm counts is set to increase in the years ahead in line with the increase in testicular cancer. In this regard, the evidence that sperm counts may be falling (see below) is, therefore, not entirely unexpected.
The factors responsible for the increase in incidence of testicular cancer and the possible decrease in sperm counts are unknown. Perhaps the most important clue is that the reported increase in both disorders appears to be related to year of birth 15 ' 17 . In other words, each later year of birth is associated with a progressive increase in risk of developing testicular cancer or of having low/reduced sperm counts. For testicular cancer, this 'birth cohort' effect has been demonstrated for virtually all countries that report an increase in incidence of the disease (e.g. Europe 18 ; North America 19 ). This fits with the origins of testicular germ cell cancers, as >95% of cases are thought to arise from premalignant gonocytes (fetal germ cells) that have developed abnormally, persisted into adulthood and • Increased exposure to man-made environmental chemicals with weak oestrogenic and/or anti-androgenic activity then been triggered to develop into a tumour 20 . The inter-relationships between cryptorchidism, hypospadias and testicular cancer, in terms of each being a risk factor for the other, and the fact that IUGR is a risk factor for all of these conditions (Table 2) , emphasises the potential importance of events in fetal life in the development of male reproductive disorders. This applies also to sperm counts (Table 2) as it is recognised that fetal, and especially early neonatal, life are important times when Sertoli cells in the human testis proliferate 1 -13 . As the number of Sertoli cells in the adult testis determines how many sperm are made per day 1 , it can be appreciated that factors which acted perinatally to reduce Sertoli cell proliferation, could theoretically lead to reduced sperm counts in adulthood. The fact that Sertoli cells are key regulators of germ cell (gonocyte) and Leydig cell development 1 ' 13 , also provides a rational basis for why the various disorders listed in Table 2 are inter-related.
A 'birth cohort' related fall in sperm counts has been reported for the UK 21 , France 22 and Denmark 23 . However, this is not a universal finding and studies in other countries are divided as to whether or not sperm counts have declined and, if they have, whether or not this is related to year of birth 5 ' 17 . Differences in subject selection, semen analysis methods (especially lack of standardisation) and allowance for confounding factors probably explain much of this inconsistency, but geographical/regional differences in sperm counts cannot be ruled out. Such differences have been reported for the US 24 * 25 , though because of lack of standardisation in the studies, these data should be viewed with caution. However, studies in France, where there is a nation-wide, standardised programme for subject recruitment for semen donation and analysis, have also reported significant differences in the various regions 26 . Similarly, significant differences in average sperm counts in men from four European countries (Finland, Denmark, France and Scotland) have been established, the Finnish men having the highest and the Danish the lowest, sperm counts 7 . The latter study was confined to young (fertile) men whose partners were currently pregnant and used recruitment and semen analysis methods that were standardised rigorously m the four countries. The explanation for these geographical differences in sperm counts is not apparent, but emphasises that such faaors have to be taken into account in studies that seek for occupational or lifestyle effects on sperm counts. In this regard, the possibility that some of the geographical differences in sperm counts might reflect genetic (ethnic) differences is potentially important when conducting studies in a country such as the US, where there is such a complex mixture of ethnic groups.
Heat exposure: occupational, lifestyle and seasonal influences
Elevation of scrotal temperature to normal core body temperature results in complete failure of spermatogenesis in man and most mammals 27 ' 28 . Elevation of scrotal temperature has even been evaluated as a potential method of male contraception and shown to be clinically effective 29 . However, only recently have high quality studies begun to assess the importance of occupational and lifestyle exposures to heat on human sperm counts (reviewed by Thonneau et aP°) . From these studies, it is clear that constant exposure to any factor that compromises the ability of the scrotum to thermoregulate will result in an adverse effect on one or more aspects of semen quality. Occupational exposure to radiant heat (e.g. in bakers, welders, furnace workers, ceramics workers, etc.) can induce such effects, but so also can any occupation that requires prolonged sitting and thus reduction in air-flow around the scrotum 27 * 30 , such as in taxi drivers 31 . The latter effect is probably seen at its worst in paraplegic men who are confined to wheelchairs 32 . In this regard, it is notable that several studies in the past that have investigated the occupations of infertile men have identified drivers as a significant 'at risk' group.
The magnitude of the effect of elevated scrotal temperature on semen parameters is both temperature-and time-(i.e. duration of temperature elevation) dependent. Exposure to a relatively high temperature (e.g. >40°C, as in moderately hot baths) for 30 min or more is likely to have major adverse consequences 28 , but smaller elevations in scrotal temperature (+0.7-2.5°C) for prolonged periods are probably of greater clinical significance as they apply to much greater numbers of men 11 . Several recent studies that have investigated the effects of the types/tightness of underwear and trousers on scrotal temperature and/or on semen quality in men leave little doubt that such factors can exert significant adverse effects 33 " 34 . Combination of tight clothing and a sedentary occupation is likely to compound such effects.
Depending on the degree of scrotal temperature elevation and its duration, semen quality may be affected in terms of increase in morphologically abnormal sperm, decreased sperm motility and a decrease in actual sperm numbers 11 *
28
. These effects can undoubtedly lead to impaired fertility, whether this is qualitative (i.e. increased 'time to pregnancy' 35 ) or complete infertility in severe cases 28 . Of greater concern is evidence that indicates an adverse effect of scrotal temperature elevation on subsequent implantation, early embryo development and miscarriage rates in female animals after mating with an 'affected' male 28 . So far, little account has been taken of whether or not male factors, such as scrotal heating, might be a contributory factor to the high rate of early pregnancy loss in the human by altering DNA integrity of the sperm.
Mention has already been made of seasonal changes in human semen quality. The data provide convincing evidence that sperm counts and/or semen quality are consistently poorer in the summer months than in the winter 6 -36 -
37
. Probably the most convincing data come from two sets of studies, one longitudinal and the other cross-sectional. In the former 38 " 39 , sperm counts from the same men collected in summer and winter were compared and showed an average 30% reduction in sperm counts in summer versus winter. Similarly, a recent cross-sectional study of male partners of pregnant women in four European countries, that utilised standardised methods of subject recruitment and semen evaluation, showed that sperm counts were significantly and uniformly lower (-30%) in those men providing semen samples in the summer than in the winter 7 . This seasonal difference was equally evident in all four countries, despite the fact that there were consistent differences in average sperm counts between the four countries. Differences in abstinence period have been ruled out as explaining this effect as have several other factors such as smoking. However, heat might be a significant factor, as there are data for farm animals showing reduced semen quality in the summer months 28 . There is currently no consensus on this. It can be argued that because there is a similar fall in summer sperm counts in men from both temperate (Finland, Denmark, Scotland 6 ' 7 ) and more equatorial regions (New Orleans, USA 40 ), then heat is unlikely to be the key factor. However, this argument does not take account of the possible counterbalancing effects of wearing looser clothing, use of air-conditioning 39 , etc., which may equalise heat exposure in men from different latitudes. On the other hand, the consistency of the average difference in sperm counts between summer and winter in the various studies is perhaps more persuasive of a universal underlying cause 39 , such as a residual seasonal effect as mentioned above.
Exposure to pesticides
In surveys of the general public, exposure to pesticides is nominated as a major factor which they perceive as a significant risk to fertility. Scientific data to support this perception are lacking. Apart from the catastrophic effects of exposure to DBCP on human sperm counts already mentioned, evidence from other studies for a significant effect of exposure to other pesticides on sperm counts or male fertility is equivocal. Some studies identify agricultural workers as more at risk of infertility 41 , but evidence that pesticides are to blame is usually not available. A series of studies in Denmark 42 "* 5 , some involving comparison of organic and non-organic farmers and others that have evaluated exposure to a wide number of pesticides, have demonstrated no evidence for a significant effect of pesticide exposure on hormone levels, sperm counts or fertility. Though this appears re-assuring, it is perhaps prudent to maintain a healthy suspicion of pesticides. One particular cause for concern is the high levels of a range of pesticides in human adipose tissue 46 , including the presence of 'older' pesticides that are now restricted in use m Europe. The accumulation of lipid-soluble pesticides in fat also raises the spectre of trans-generational transmission of such compounds via mobilisation of fat stores during lactation and their transfer en masse from the mother to the breast feeding infant; theoretically, first-born infants of older mothers would be most at risk. There are considerable difficulties in evaluating such possibilities, but it emphasises again the importance of perinatal exposures as a potentially important period for the induction of effects on male reproductive potential. In this regard, perinatal exposures to hormonally active chemicals ('endocrine disruptors'), some of which are lipophilic, has received most attention.
Exposure to 'endocrine disruptors'
This has become a world-wide issue in the last decade, though there is little in the way of clinical data to affirm the theoretical concern that developmental, and possibly adult, exposure to such compounds could be responsible for the increase in incidence of testicular cancer and the possible fall in sperm counts 17 . Studies from animal experiments have also resulted in conflicting conclusions, so that at present there is no consensus view on whether such exposures are a serious concern as far as male fertility is concerned. Nevertheless, it is remarkable how many different routes of exposure to such compounds have 'developed' over the past 60 years or so ( Table 1 ). The main focus of concern, other than exposure to pesticides that are hormonally active, has been various chemicals that are constituents of plastics {e.g. bisphenolic and alkylphenolic compounds, phthalates) and to which there is widespread human exposure (especially for the phthalates) via many different routes. All of these compounds appear to be very weak oestrogens and, judged on this potency alone, perhaps do not pose a significant risk to sperm counts or fertility 17 . Recently, animal studies have shown that phthalates are quite potent anti-androgens 47 , and although this is of greater concern it is likely that human exposure is below the levels that induce adverse effects. Nevertheless, the view emerging is that human exposure to such compounds should be minimised on grounds of prudence.
A related issue that has received far less attention is the hormone treatment of livestock to promote growth 48 . This practice was banned m Europe in 1981, but continues in the US, where it is routine to use extremely potent oestrogenic compounds (e.g. zearalone). These compounds can accumulate to some extent in fat, though to what degree such residues survive and enter the human body in active form is disputed 48 . Because of their potency, exposure to even tiny amounts of such oestrogenic compounds is a cause for concern. The fact that so much of 'modern diseases' such as obesity and heart disease m Western societies are associated with increased consumption of animal products, especially fats, is an intriguing coincidence as is the parallel increase in hormonedependent diseases such as breast cancer (and arguably, testicular cancer) which remains unexplained 48 . The possibility that human exposure to growth-promoting hormones via animal fats could have contributed to such changes is speculation, but deserves to be investigated thoroughly. Such studies should also identify if such exposures are a cause for concern as far as sperm counts and male fertility are concerned.
Finally, another societal change that undoubtedly has the potential to affect male fertility is the increased use of hormones for sporting or bodyimage purposes (Table 1 ). The extent of such usage is disputed, but it is reckoned that a substantial proportion of young males win use such compounds at some stage. As this usage is generally clandestine, studies to identify accurately its impact on sperm counts and fertility are largely lacking or are difficult to evaluate 49 . From studies involving the administration of sex steroids for contraceptive purposes in men, it is likely that the short-term use of anabolic steroids will have an adverse effect on sperm counts and fertility, but whether such usage has any significant, long-term impact of an irreversible nature, is unknown 49 . If it does, then it can be predicted that such men will be presenting at infertility clinics with increasing frequency over the next decade.
Concluding remarks
I began this chapter by emphasising how our ignorance constrains our ability to estimate accurately the impact that environmental and lifestyle changes this century have had on sperm counts and male fertility. This explains most of the uncertainty and equivocation in the various sections above and undermines attempts to draw definitive conclusions. Nevertheless, some conclusions and recommendations can be made based on what is clear, combined with simple common sense. For example, no-one will dispute our increased sedentation at work and at leisure and already there is reasonably good evidence that this is bad news for sperm counts. Therefore, much greater attention of studies in the male to changes in scrotal thermoregulation are warranted in order that we can establish with some certainty whether this has clinically significant effects on fertility or on damage to sperm DNA that might affect the viability and health of offspring. Similarly, increased consumption of animal produce in Western countries this century is beyond dispute and the fact that animal fats will carry with them an echo of (fat-soluble) compounds from the environment as well as compounds (such as growth promoters with sex steroid activity) administered to the animals, has to be a general cause for concern, perhaps especially in terms of trans-generational transfer of such compounds. It may well prove that such exposures are without significant effect on sperm counts and fertility in the human male, but our present position of ignorance prevents us from establishing if this is the case.
There is one worrying certainty to have emerged this century and that is the increase, year on year, in incidence of testicular cancer in Western countries. This trend tells us in no uncertain terms that something(s) in our environment and lifestyle is having a profound negative effect on early male reproductive development. Testicular cancer affects a minority of men, but the steady increase in its incidence can be viewed as a beacon, signalling to us that male reproductive health is getting steadily worse. We should take notice of this early warning system and set about dispelling the ignorance that currently prevents us from understanding how our modern lifestyle impacts on male fertility and its long-term preservation.
